Abstract-Nanonetworks, the interconnection of nanosystems, are envisaged to greatly expand the applications of nanotechnology in the biomedical, environmental and industrial fields. However, it is still not clear how these nanosystems will communicate among them. This work considers a scenario of Diffusion-based Molecular Communication (DMC), a promising paradigm that has been recently proposed to implement nanonetworks. In a DMC network, transmitters encode information by the emission of molecules which diffuse throughout the medium, eventually reaching the receiver locations. In this scenario, a pulse-based modulation scheme is proposed and two techniques for the detection of the molecular pulses, namely, amplitude detection and energy detection, are compared. In order to evaluate the performance of DMC using both detection schemes, the most important communication metrics in each case are identified. Their analytical expressions are obtained and validated by simulation. Finally, the scalability of the obtained performance evaluation metrics in both detection techniques is compared in order to determine their suitability to particular DMC scenarios. Energy detection is found to be more suitable when the transmission distance constitutes a bottleneck in the performance of the network, whereas amplitude detection will allow achieving a higher transmission rate in the cases where the transmission distance is not a limitation. These results provide interesting insights which may serve designers as a guide to implement future DMC networks.
I. INTRODUCTION
N ANOTECHNOLOGY, the study of systems within the nanometer scale, is a multidisciplinary field with potential applications in the biomedical [1] , environmental [2] and industrial fields [3] . A nanosystem is the most basic functional unit, with a size ranging from one to a few hundred nanometers, able to perform simple tasks at the nanoscale, such as computing, data storage, sensing and actuation.
However, despite the high potential of nanosystems, most of the envisaged applications of nanotechnology cannot be implemented by a single nanosystem, due to its reduced size and limited operation range. Nanonetworks [4] , the interconnection of nanosystems, will allow cooperation and information sharing among them, making the realization of these applications Manuscript received July 31, 2012; revised November 3, 2012. I. Llatser, A. Cabellos-Aparicio, and E. Alarcón are with the Nanonetworking Center in Catalunya (N3Cat), Universitat Politècnica de Catalunya, Barcelona, Spain (e-mail: {llatser,acabello}@ac.upc.edu; eduard.alarcon@upc.edu).
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Digital Object Identifier 10.1109/JSAC.2013.SUP2.1213005 possible. A sample application within the biomedical field enabled by nanonetworks would be an intelligent disease detection and targeted drug delivery system, constituted by an intra-body network of nanosensors and nanoactuators. Several methods have been proposed to interconnect nanosystems by drawing inspiration from biology. Among them is calcium signaling [5] , one of the most commonly used techniques for intra-and inter-cellular communication. Calcium signaling is based on the use of calcium ions (Ca 2+ ) to encode, transmit and decode information. Since calcium signaling has successfully been used by living cells for millions of years, it is regarded as one of the most promising techniques to implement communication among nanosystems in the short range [6] , [7] .
Calcium signaling and other communication techniques based on the exchange of molecules in a fluid environment can be characterized with an emerging model known as Diffusion-based Molecular Communication (DMC). Several authors have attempted to model the physical channel of DMC from a general perspective, without assuming any particular modulation or detection schemes [8] - [10] ; while others have focused on determining the channel capacity of DMC from an information-theoretical point of view [11] - [14] .
However, to the best of our knowledge, the existing literature does not capture all the particular characteristics of DMC networks. For instance, the expected simplicity of nanosystems will prevent the use of complex modulations or signal detection schemes. Therefore, a framework that evaluates the performance of DMC networks while taking into account the uniqueness of their physical channel is needed to help designers of protocols and techniques for this networking model.
In this work, we consider a DMC network using a simple pulse-based modulation scheme which we recently proposed [15] . In this scenario, we identify two schemes for the detection of the transmitted molecular pulses: amplitude detection and energy detection. We first review our previous work [15] , where the performance of DMC networks using amplitude detection was studied. With this purpose, quantitative expressions for relevant communication metrics, namely, the pulse delay, amplitude and width, were analytically derived, validated by simulation and compared to their equivalent in wireless electromagnetic (EM) communications.
As the main contribution of this work, we propose and analyze the mechanism of energy detection for DMC. In order to evaluate the performance of this novel detection technique, 0733-8716/13/$31.00 © 2013 IEEE Fig. 1 . Conceptual diagram of a DMC network. A group of transmitter nanosystems (left) emits molecules which propagate through molecular diffusion until they reach the receiver nanosystems (right).
we identify two new relevant communication metrics in this scenario: the pulse energy and the pulse duration. For each of these metrics, we obtain analytical expressions and we validate them by simulation. Finally, we compare the scalability of the performance metrics corresponding to both signal detection mechanisms to their equivalent in wireless EM communications; we conclude that the suitability of each pulse detection technique will be determined by the average transmission distance in the DMC network.
The remainder of this paper is organized as follows. Section II describes the DMC scenario considered and the proposed pulse-based modulation scheme. Section III briefly presents N3Sim, a simulator for DMC which is later used to validate the obtained results. In Section IV, two detection methods for the proposed scenario are introduced, namely, amplitude detection and energy detection. Then, in Sections V and VI, we obtain analytical expressions of the relevant communication metrics in the amplitude detection and energy detection scenarios, respectively. Section VII compares the scalability of these metrics in both scenarios with their equivalent in wireless EM communications. Finally, Section VIII concludes the paper.
II. DIFFUSION-BASED MOLECULAR COMMUNICATION
AND MODULATION SCHEME A DMC network (shown in Fig. 1 ) is composed of a set of nanosystems which communicate through molecular diffusion in a fluid medium. Transmitter nanosystems encode the information to be sent into a molecular release pattern. The emitted molecules cause a variation in their local concentration, which propagates throughout the medium. Receivers are able to estimate the concentration of molecules in their neighborhood and, from this measurement, recover the release pattern of molecules and decode the transmitted information.
In a typical DMC scenario, the concentration of emitted molecules will be much lower than the concentration of the fluid molecules. For instance, in calcium signaling among cells, the extracellular concentration of calcium ions is in the millimolar range [16] , while the concentration of water (the main component of the extracellular fluid) is of 55.5 molar, more than 4 orders of magnitude higher. Under these conditions, the interaction among the emitted molecules (e.g., collisions and electrostatic forces) can be neglected, and the movement of each of the molecules released by a transmitter can therefore be modeled by means of Brownian motion [17] . Since the movement of each molecule is independent, molecular diffusion is characterized by Fick's laws of diffusion [18] , with a homogeneous diffusion coefficient both in space and time. In this case, the diffusion equations are linear [19] .
Furthermore, the expected simplicity of nanosystems will prevent the use of complex modulation schemes in DMC, such as OFDM or spread-spectrum techniques. For this reason, we recently proposed a simple pulse-based modulation particularly suited for DMC [15] . According to this scheme, whenever a transmitter nanosystem needs to communicate information to its neighbors (e.g., after it detects an infectious virus [20] ), it instantaneously releases a pulse of molecules. This creates a spike in the molecular concentration at the transmitter location, which then propagates throughout the space. The propagation of this pulse can be analytically modeled by solving Fick's laws of diffusion. If the transmitter releases Q molecules at the time instant t = 0, the molecular concentration at any point in space is given by [21] :
where D is the diffusion coefficient of the medium, t is time and r is the distance from the transmitter location. We denote this expression as the pulse equation. Fig. 2 shows a graphical representation of the molecular concentration measured by a receiver as a function of time, where the dashed blue line corresponds to the analytical result given by (1) and the red dots are simulation results, obtained using N3Sim (see Section III). In this example, the number of transmitted molecules is set to Q = 5 · 10 5 , the transmission distance is r = 3 µm and the diffusion coefficient is D = 1 nm 2 /ns, similar to the diffusion coefficient of ionic calcium in cytoplasm [22] . The transmitter is modeled as a point-wise source, whereas the receiver is represented by a sphere with a radius of 0.4 µm which is able to measure the average molecular concentration in its interior.
We observe that the concentration measured by the receiver is initially zero and it quickly increases until reaching its maximum. Thereafter, the molecular concentration slowly decreases over time, forming a long tail due to the effect of diffusion. The difference between the expression of the pulse equation and the simulation results shows the presence of diffusion noise, which appears as a result of the stochastic nature of Brownian motion [9] . The diffusion noise represents the main limitation in the minimum molecular concentration that can be detected by a receiver, i.e., the receiver sensitivity. The expression of the diffusion noise n(r, t) has zero mean and its standard deviation is given by [9] :
where ρ is the radius of the spherical receiver. We clearly observe that the diffusion noise has an inverse dependence on the receiver size: the larger the receiver is, the lower the diffusion noise will be. As we will see next, the pulse equation allows to model important communication metrics in a DMC environment, such as the delay, attenuation and energy of transmitted signals, which present fundamental differences with respect to wireless EM communications and prove the uniqueness of the physical channel in DMC. Since the pulse equation considers the average value of the molecular concentration, this analysis will not be affected by the previously-described diffusion noise, which has zero mean.
III. N3SIM, A SIMULATOR FOR MOLECULAR COMMUNICATION
In order to validate the analytical results derived in this work, we use the open-source simulation framework N3Sim, which we previously developed [23] , [24] . This tool allows the simulation of DMC networks molecule-by-molecule, with multiple transmitters and receivers suspended in a 3-dimensional fluid medium. Each transmitter is modeled as a point-wise nanosystem with a fixed location. Transmitters encode the information by releasing molecules into the medium with a user-specified pattern. The emitted molecules move according to Brownian motion, as a result of collisions with the smaller fluid molecules. Finally, receivers are modeled as spherical nanosystems which are able to measure the number of molecules in their surrounding volume, thus estimating their local concentration. The received information is decoded from this local concentration estimate.
The main output of N3Sim is the concentration as a function of time measured by each of the receivers. The results obtained by N3Sim allow the evaluation of the molecular diffusion process as well as the measurement of the diffusion noise in a DMC network. The interested reader can find more details about N3Sim in our previous work [23] and on our website [24] .
IV. DETECTION METHODS FOR DMC WITH A PULSE-BASED MODULATION
We propose two methods for receivers to detect the transmitted pulses in a DMC network. First, using amplitude detection, receivers measure the variation of the local concentration of molecules over time. Then, the measured signal is interpreted as a bit "1" if its maximum concentration is over a given threshold, and as a bit "0" otherwise. The value of this threshold should be selected as a function of the expected amplitude of the received signal.
An alternative technique for pulse detection in DMC is energy detection. Making an analogy to EM communications, where the pulse energy is calculated as the integral of its power over time, the pulse energy in DMC is defined as the integral of the molecular concentration over time. Using this method, a receiver measures the energy of the molecular signal. The received signal is then interpreted as a bit "1" if its energy is over a given threshold, and as a bit "0" otherwise. A simple way for receivers to measure the pulse energy would be by accumulating the number of molecules received during the pulse duration.
Considering the pulse-based modulation scheme introduced in Section II, we explore next the characteristics of the physical channel of DMC using both detection methods by analyzing the pulse equation (1) . With this purpose, we identify several metrics that will allow the assessment of the communication performance of DMC in different scenarios. In particular, we first obtain analytical expressions for these metrics and then validate them by simulation. In order to make this analysis as general-purpose and technology-agnostic as possible, we do not set any constraints on the actual physical implementation of transmitters and receivers, nor on the size and type of the emitted molecules.
V. AMPLITUDE DETECTION
We analyze next three relevant communication metrics in a DMC scenario using amplitude detection. First, we consider the pulse delay, which will determine the communication delay between the transmission and reception of molecular signals. Next, we analyze the pulse amplitude, which, as previously mentioned, will have a key impact on the detection of molecular signals. Finally, we evaluate the pulse width, which will represent the main constraint for the achievable transmission rate using this technique.
A. Pulse Delay
In order to find an expression for the pulse delay, we compute the time instant for which the pulse equation reaches its global maximum. As we observe in Fig. 2 , this function has only one local maximum, which is also its global maximum. We can therefore compute the position of this maximum by taking the time derivative of the pulse equation and finding the time instant at which it is equal to zero: From this equation, by isolating the variable t we can obtain the time at which the pulse has its maximum. This time can be interpreted as the pulse delay t d :
Note that the pulse delay is inversely proportional to the diffusion coefficient D. Hence, the higher the diffusion coefficient, the faster the molecular pulses will propagate.
In order to validate this result, we simulate the transmission of a pulse of 5 · 10 5 molecules using N3Sim. The diffusion coefficient is set to D = 1 nm 2 /ns and the local molecular concentration is measured at distances from 1 to 4.5 µm, at intervals of 0.5 µm. Fig. 3 shows a comparison between the analytical expression of the pulse delay (dashed blue line) and the averaged results obtained with N3Sim after 30 simulation runs with 99% confidence intervals. We will use these same simulation conditions throughout this paper, unless otherwise stated.
B. Pulse Amplitude
It is also worth investigating the variation of the pulse amplitude over space, which may be interpreted as the channel attenuation. We obtain this amplitude by evaluating the pulse equation at the time instant at which the pulse reaches its maximum value, which we have previously found in (4):
It is interesting to note that, as opposed to the pulse delay, the pulse amplitude is independent from the diffusion coefficient. In consequence, the diffusion coefficient of the medium will have no effect on the attenuation of the molecular pulses throughout space.
As previously, we validate this result by means of simulation. Considering a pulse transmission with the same characteristics as used to validate the pulse delay, we measure the pulse amplitude as a function of the transmission distance. Fig. 4 shows a comparison of the analytical expression and the simulation results, which confirms the correctness of (5). 
C. Pulse Width
Another important metric in a scenario of DMC with amplitude detection is the pulse width, since it will be the main constraint on the achievable transmission rate. As it is usually done in EM communications, we compute the pulse width at the 50% level, i.e., the time interval at which the pulse has an amplitude greater than half of its maximum value:
(6) We obtain the following expression by isolating the time variable:
where W is the Lambert W function [25] . This equation has two solutions, corresponding to the two time instants at which the pulse amplitude is equal to half of its maximum value. These instants are given by:
Finally, we can obtain the expression of the pulse width t w by subtracting these two instants:
In this case, as it happened with the pulse delay, the pulse width is inversely proportional to the diffusion coefficient of the medium. Therefore, the larger the diffusion coefficient is, the narrower the received pulses will be.
As before, we validate the obtained expression with N3Sim, using the same parameters as in the previous sections. Fig. 5 shows that the simulation results are close to the values of the analytical expression, which confirms the validity of (9). 
VI. ENERGY DETECTION
Let us now study the physical channel of DMC in the case that the receivers implement energy detectors to decode the transmitted molecular pulses. In this scenario of energy detection, some of the metrics that we have identified in the amplitude detection case (such as the pulse delay) are still meaningful, but new communication metrics will become relevant as well.
In particular, the pulse amplitude determines the receiver sensitivity (i.e., the ability to distinguish whether the received signal represents a bit "0" or "1") in the amplitude detection case. In an energy detection scenario, however, in order to evaluate the receiver sensitivity we need to analyze a new communication metric, namely, the pulse energy.
Furthermore, the achievable transmission rate in DMC using amplitude detection is limited by the pulse width. In order to see this limitation intuitively, let us consider the case where a bit stream is encoded in a train of molecular pulses. In this case, the minimum separation between the transmitted pulses needs to be approximately equal to the pulse width at the receiver, so that consecutive pulses can be distinguished and the information can be correctly decoded (assuming that the transmitter and receiver are synchronized). The achievable transmission rate in this scenario will thus correspond approximately to the inverse of the pulse width at the receiver location. As we will see next, in an energy detection scenario, we need to define the pulse duration as the communication metric that will determine the maximum achievable transmission rate.
In what follows, analytical expressions for the two communication metrics that have just been identified, namely, the pulse energy and the pulse duration, are obtained. Further, they are validated by simulation and their impact in the performance of DMC using energy detection is discussed.
A. Pulse Energy
The most important metric to consider in the energy detection case is the pulse energy; indeed, energy detectors will decode the received signals by measuring their energy and comparing it to a threshold, which will be a function of the expected pulse energy. Since the pulse energy in DMC is defined as the temporal sum of its molecular concentration, the energy of a molecular pulse can be computed by integrating the pulse equation over time:
(10) In order to validate this result, as done in the previous section, the transmission of a pulse of 5 · 10 5 molecules is simulated using N3Sim. Fig. 6 shows a comparison between the analytical expression of the pulse energy (dashed blue line) and the averaged results after 30 simulation runs with 99% confidence intervals. In this case, we observe that, even though the analytical and simulation results show a similar depencence with respect to the transmission distance, the values obtained by simulation are lower than the analyticallyobtained pulse energy. The reason for this difference is that, since molecular pulses have an infinite tail due to the effect of diffusion (see Fig. 2 ), a receiver would need an infinite time to measure the exact value of the pulse energy, i.e., that derived by solving the improper integral in (10) . Since, in a practical scenario, receivers will only have a finite time to measure the pulse energy (e.g., the performed simulations have a duration of 50 ms), the pulse energy measured by a receiver will always have a lower value than the energy predicted by the analytical expression.
B. Pulse Duration
As opposed to the pulse width in an amplitude detection scenario [15] , it will be the pulse duration which will determine the achievable transmission rate in DMC using energy detection. As we have just observed, if the pulse duration were defined as the time needed by a receiver to measure the pulse energy E p , it would have an infinite value. Instead, in order to allow receivers to detect molecular pulses in a finite amount of time, we define the pulse duration as the time interval from the pulse transmission until the instant when a fraction α of the pulse energy has reached the receiver location. In other words, the pulse duration is the time needed to measure an energy αE p , where 0 ≤ α ≤ 1. We compute the pulse duration t D by solving the integral equation:
which can be analytically solved and yields the following solution for the pulse duration:
where erfc −1 is the inverse complementary error function [26] . Fig. 7 shows a semi-log plot of the pulse duration calculated by (12) , as a function of α, in a scenario of energy detection with a transmission distance r = 2 µm. As usual, the analytical results (solid blue line) are validated by simulation (black crosses). The pulse duration is also compared to the equivalent metric in the amplitude detection case, the pulse width (dashed red line), as obtained from (9) . As expected, the pulse duration increases monotonically with α, the fraction of the pulse energy considered, and it tends to infinity when α approaches one: lim α→1 t D = ∞. Therefore, from the point of view of the pulse duration, lower values of α yield a better performance. However, selecting a too low value of α might cause detection errors due to diffusion noise [9] . Therefore, a realistic value for α will probably be between 0.5 and 0.8. In the amplitude detection case, the pulse width is t w = 1.8 ms. When comparing both scenarios, we observe that the pulse duration in the case of energy detection is lower than the pulse width for α < 0.292, and it is higher otherwise. In particular, for realistic values of α, the pulse duration will be significantly higher than the pulse width when amplitude detection is used. For instance, for energy detection with α = 0.7, the pulse duration is almost one order of magnitude higher than the pulse width.
Furthermore, Fig. 8 shows the required energy to detect a pulse αE p , as a function of α. The analytical results are obtained from (11) with a pulse of Q = 10
3 molecules transmitted to a distance r = 2 µm, whereas the simulations Fig. 8 . Plot of the required energy to detect a pulse, as a function of the fraction of the pulse energy required to detect a pulse α. The dashed blue line corresponds to the analytical expression, and the red crosses show the simulation results with 99% confidence intervals. Fig. 9 . Plot of the pulse duration as a function of the transmission distance. The dashed blue line corresponds to the analytical expression, and the red crosses show the simulation results with 99% confidence intervals. consider the energy measured by a receiver during the pulse duration t D , as obtained from (12) . Similarly, Fig. 9 shows the pulse duration as a function of the transmission distance. In both cases, a very good agreement between the analytical results (blue dashed lines) and the simulations (red crosses) is observed, thus validating the derived expressions.
VII. SCALABILITY OF DETECTION TECHNIQUES IN DMC
It is of key interest to evaluate the scalability of the previously found communication metrics with respect to the transmission distance. We next compare the results obtained in both the amplitude detection and energy detection cases in DMC to their equivalent in wireless EM communications.
Starting with the amplitude detection scenario, as we observe in (4), the pulse delay is proportional to the square of the transmission distance, namely, t d = Θ r 2 . This is due to the peculiarities of the Brownian motion underlying the diffusion process, which is fundamentally different from the constant wave propagation speed observed in EM communications. In the latter case, the propagation delay is equal to the transmission distance divided by the wave propagation speed, namely, t d = Θ (r). Equation (5) shows that the amplitude of a molecular pulse is inversely proportional to the third power of the transmission distance, i.e., c max = Θ 1/r 3 . This dependence shows again a difference with respect to the behavior of waves in wireless EM communications, for which the free-space path loss is
, where f is the signal frequency and c the speed of light. Therefore, if we ignore fading, the amplitude of EM pulses propagating in free space decreases proportionally to the square of the transmission distance, namely, c max = Θ 1/r 2 , in contrast with the behavior observed in a DMC scenario.
Furthermore, according to (9) , the dependence of the pulse width in DMC on the transmission distance is t w = Θ r 2 . Again, there is a clear difference with the wireless EM channel, for which the pulse width is independent from the transmission distance, namely, t w = Θ(1). Also, the behavior of the DMC channel differs from that observed in optical communications, where chromatic dispersion causes the pulse width to increase proportionally to the transmission distance, i.e., t w = Θ(r), at a slower rate than in DMC.
With respect to the pulse energy in DMC, equation (10) shows that it scales as E p = Θ (1/r). In wireless EM communications, since there is no signal distortion in a free-space environment, the scalability of the pulse energy is proportional to that of its amplitude, i.e., E p = Θ 1/r 2 . In this case, DMC using energy detection shows a scalability advantage with respect to wireless EM communications. Moreover, the pulse energy scales better than the pulse amplitude as the transmission distance increases. In other words, an energy detection scheme will allow successful transmissions at longer distances than one based on amplitude detection. Intuitively, the reason of this difference is that, even though the diffusion process severely reduces the amplitude of the transmitted pulses, it also increases their width; therefore, the energy of a molecular pulse decreases more slowly than its amplitude as the transmission distance increases.
Finally, we observe in (12) that the pulse duration scales with the transmission distance as t D = Θ(r 2 ). As it happened with the pulse width, the signal duration in wireless EM communications is independent of the transmission distance: t D = Θ(1). In this case, the scalability pattern of the pulse duration matches that observed for the pulse width in the amplitude detection case. Therefore, even though in a typical scenario the pulse duration will be higher than the pulse width (as we have seen in Sec. VI-B), and thus the achievable transmission rate with energy detection will be lower than with amplitude detection, both pulse detection techniques show the same scalability trend in terms of the achievable transmission rate as a function of the distance. In consequence, both methods, energy detection and amplitude detection, have their own advantages and drawbacks when they are used in DMC. On the one hand, the receiver sensitivity scales better in the energy detection scenario with respect to when amplitude detection is used. On the other hand, amplitude detection will yield in general a higher achievable transmission rate than energy detection, even though they both scale identically with respect to the distance.
This guideline can be observed in Fig. 10 , which shows the reception of a molecular pulse for transmission distances of 2 µm (left) and 3 µm (right). The transmitted molecular pulse consists of 5 · 10 6 molecules released at time t = 0, and the pulse duration is calculated as the time after which a fraction α = 0.5 of the total pulse energy is measured by the receiver. On the one hand, in terms of receiver sensitivity, we find that the pulse amplitude c max at a transmission distance of r = 3 µm is reduced by a factor of 70% with respect to its value for r = 2 µm, whereas the decrease in the pulse energy E p is much less severe, at 33%. This observation is in agreement with the prediction that energy detection scales better than amplitude detection as the transmission distance increases. On the other hand, the pulse width t w is found to have a lower value than the pulse duration t D in both cases, which confirms that, for a given transmission distance, amplitude detection will allow a higher achievable transmission rate than energy detection in DMC networks.
To summarize, we envisage energy detection to be a more feasible alternative for DMC when the signal attenuation represents the main limitation, i.e., for long transmission distances. Conversely, amplitude detection may prove more useful in scenarios with low signal attenuation, i.e., for short transmission distances, since it will allow nanosystems to communicate information at a higher rate. Table I compares the scalability of the analyzed communication metrics in DMC and wireless EM communications.
VIII. CONCLUSION
In this paper, we have proposed and evaluated the performance of two techniques to detect transmitted signals in DMC networks, namely, amplitude detection and energy detection. First, we have described our envisaged scenario, where molecules emitted by transmitter nanosystems diffuse throughout the medium according to Fick's laws of diffusion.
We adopted a simple pulse-based modulation scheme which we consider specially well suited to the DMC environment. Based on this scheme, and for each of the proposed signal detection techniques, we have identified several metrics which we consider of key importance to evaluate the performance of a DMC system from the communication standpoint. For the amplitude detection case, we have evaluated the pulse delay, the pulse amplitude and the pulse width; whereas for energy detection, we have considered the pulse energy and the pulse duration. We have have obtained analytical expressions for each of these performance metrics and we have validated them by simulation.
Finally, we have outlined the differences in the scalability of the obtained metrics for DMC with respect to their equivalent in wireless EM communications. Comparing the scalability of the performance metrics in the amplitude detection and energy detection scenarios, we have concluded that energy detection may be a more feasible alternative when the transmission distances are relatively high, whereas amplitude detection will allow achieving a higher transmission rate in scenarios with low transmission distances.
The future work in this direction might include the biological implementation of the proposed detection mechanisms, and the design of coding schemes and multiple access control protocols for DMC networks. Moreover, the analysis of different sources of molecular noise, such as considering a background molecular concentration or the interference when more than one transmitter is simultaneously emitting molecules, may provide further guidelines for designers of future DMC networks.
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